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A B S T R A C T
The purpose of this work is to investigate the effects of the volume fraction and bimodal distribution of
solid particles on the compression and tension behavior of the Co-ferrite-basedmagneto-rheological ﬂuids
(MRFs) containing silicon oil as a carrier. Hence, Co-ferrite particles (CoFe2O4) with two various sizes were
synthesized by the chemical co-precipitation method and mixed so as to prepare the bimodal MRF. The
X-Ray Diffraction (XRD) analysis, Fourier Transform Infrared Spectroscopy (FTIR), Laser Particle Size Anal-
ysis (LPSA) and Vibrating Sample Magnetometer (VSM) were conducted to examine the structural and
magnetic properties, respectively. The results indicated that the increase of the volume fraction has a
direct increasing inﬂuence on the values of the compression and tension strengths of ﬂuids. In addition,
the compression and tension strengths of the mixed MRF sample (1.274 and 0.647 MPa) containing 60
and 550 nm samples were higher than those of theMRF sample with the same volume fraction and uniform
particle size of 550 nm.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
1. Introduction
Since the magneto-rheological ﬂuids (MRFs) were discovered in
the late 1940s, numerous researchers have investigated and pub-
lished the interesting results onMRFs and their applications [1]. The
fundamentalphenomenon inmagneto-rheology is tocontrol the struc-
ture of the two-phase ﬂuid bymagnetic ﬁelds, being responsible for
a remarkable viscosity increase up to about 103 times. Themajor pa-
rametersofMRFs,directly relevant to theviscosity, are thecompression
andtensionstrengths.The increaseof thecompressionstrength, tension
strength and viscosity is dependent on various variables [2–5]. Based
on the behavior of MRFs being inﬂuenced by the external ﬁeld, it is
assumed that the higher volume fraction of solid particles leads to
an increase in the resultingviscosity. Furthermore, inviewof the spher-
ical shape of the particles, should these particles be aligned on one
another vertically, there will occur holes between them, resulting in
a decrease in viscosity [6–9]. The use of particles with at least ﬁve
times smaller in size will be so useful in achieving higher viscosity.
The sudden change in the MRFs behavior due to the magnetic
application makes this material attractive for dampers and dissi-
pative devices. TheMRFs can be used to build integral, silent, quick
mechanical systemsenhancedbymeansof electronic controls. Several
researchers have paid special attention to theMRFs as dampers and
engine mounts (desirable in civil engineering and automotive in-
dustry) [9]. Spaggiari has studied the properties and applications
of MRFs [10]. Numerous researchers have attempted to synthesize
the nanoparticles with different chemical method. Molazemi et al.
have investigated the compression and tension behavior of the Co-
ferriteMRFs synthesizedby co-precipitation as a low-cost and simple
method [11]. In the area of MRFs control valve which the direction
of the ﬂuid ﬂow is perpendicular to the external ﬁeld. Imaduddin
et al. have evaluated the design and performance analysis of a novel
compact MRFs valve [12]. Sarkar and Hirani have improved brake
performance by the use of nano silver particle-basedMRFs [13]. Re-
cently, Zhou has investigated the inﬂuence of magnetized walls on
the yield stress of MRFs [14]. Rodriguez and his colleagues have
focused on the strong-link and weak-link and their effects on the
yielding [15]. Lee and Armijo have focused on the enhancement of
MRbyusing uniformmagnetic carbonnanoparticles and iron nitride
nanoparticles, respectively [16,17]. The shape and morphology of
particles are so crucial to the performance of MRFs. In linewith this,
Jung et al. have investigated the role of octahedral-shaped Fe3O4
nanoparticles in MRFs behavior [18]. In addition to particle mor-
phology and particle size, some researchers have used some
interestingmodes for better performance. For example, Becnel et al.
have presented the squeeze strengthening of MRFs by use of mixed
modeoperation [19]. An important studyhas been carriedbyRabbani
and his colleagues [20]. Due to the importance of MRF stability, they
investigated the effect of two critical parameters including mag-
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netic ﬁeld and temperature on the stability of MRFs. During the last
years, characterization ofMRFs has beenwidely considered. Eshaghi
et al. have presented an accurate technique for pre-yield charac-
terization of MRFs [21].
In addition to the above-mentionedparameters, themagnetic ﬁeld
type, temperature, particle linking type, carrier nature, particle shape,
particle size and solid particle distribution, the chemical composi-
tionof particles is veryeffective. In this area, oneof themost important
magnetic particles is cobalt ferrite. This ferrite shows the relatively
high Curie point, hard magnetic properties, large magneto-strictive
coeﬃcient, large magneto-crystalline anisotropy, moderate satura-
tionmagnetization, corrosion resistance andeaseof synthesis [22,23].
The above-mentioned propertiesmake Co-ferrite as one of themost
promising candidates for different applications, including magnetic
drug delivery, hyperthermia, magnetic resonance imaging, magnet-
ic memories, sealing purposes, as well as MRFs sensors.
This paper has focused upon the effect of the volume fraction
and particle distribution on the mechanical properties of Co-
ferrite MRFs. The studies have indicated that no results have been
reported on the inﬂuence of the volume fraction of Co-ferrite MRFs
with the particles produced by co-precipitation regarding the struc-
tural, magnetic and mechanical properties. There are many papers
in the ﬁeld of Co-ferrite synthesis in the pure phase [22,23] and com-
posite forms [24,25] and the obtained magnetic properties are
comparable with the literature.
2. Experimental procedure
2.1. Materials
The whole chemical agents – sodium hydroxide NaOH, sodium
dodecyl sulfate (SDS), Silicon oil, ferric chloride FeCl3 •6H2O, Cobalt
(II) chloride CoCl2.6H2O and pyridine –were purchased from E.Merck
Co. in Germany and utilized without further treatment.
2.2. Manufacturing the test rig
Additionally, for the purpose of performing the compressive and
tensile force tests on the samples, a speciﬁc tester was produced
based upon the device shown in Fig. 1 [11]. During the tension and
compression tests, the magnetic ﬁeld was applied to the ferroﬂuid
inside the core cylinder. After applying the ﬁeld, the ﬂuid viscosi-
ty varies and the mechanical properties behaved in a different
manner. The test rig materials including squeeze cylinder, core cyl-
inder, above ring, below ring, support cylinder, coil, and device base
were carbon steel, carbon steel, stainless steel, carbon steel, stain-
less steel, copper and carbon steel, respectively.
2.3. Preparation and characterization of ferrite particles
In this research work, Co-ferrite particles with two various par-
ticle sizes were achieved following the co-precipitation. To sum up,
the aqueous solutions of CoCl2 and FeCl3 mixtures in the alkaline
medium were prepared. Then the mixed solutions of CoCl2.6H2O
(25 ml, 1 M) and FeCl3.6H2O (25 ml, 2 M) were prepared and main-
tained at 60 °C. This mixture was immediately added to the solution
of NaOH (150 ml, 1.32 M). Then, the solution was stirred at a ve-
locity equal to 100 rpm. Afterward the obtained solutions were
maintained at 90 °C for 1 h. This duration was suﬃcient for the for-
mation of the amorphous ferrite. After synthesis, each solution was
kept under equal environmental circumstances (T = 90 °C, stirring
velocity = 40 rpm, pH = 11 and atmosphere of N2) for various time
ranges of 2 and 24 h (Samples A and B) to achieve different sizes
of particles. To obtain spinel ferrites, the samples were heat treated
at 550 °C for 1 h. A suﬃcient amount of ﬁne particles was collect-
ed at this step by utilizing magnetic separation. These particles were
washed several times with distilled water followed by acetone and
dried at room temperature. After the collection of Co-ferrite par-
ticles, Sample C was prepared by mixing the same amounts of
Fig. 1. Schematic of manufactured test rig.
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Sample A (2 h) with Sample synthesized for 12 h. After that, to assess
the phase analysis, size and distribution of the particles and to
measure themagnetic properties of the Co-ferrite particles, the X-Ray
Diffraction (XRD, Cukα and λ = 1.54184 Å), Fourier Transform In-
frared Spectroscopy (FTIR), Laser Particle Size Analyzer (LPSA,
SHIMADZU SALD-2101) and Vibrating Sample Magnetometer (VSM,
JDAW2000D) tests were applied.
2.4. Preparation of MRF
Silicon oil was selected as a carrier [26] where the Co-ferrite par-
ticles can easily be dissolved. Then, four MRF samples with 2, 5, 10
and 15% of the volume fraction of Sample B (24 h) and two MRF
samples with 10% volume fraction of Sample A (2 h) and Sample C
(bimodal distribution of equal percentage of 2 h/12 h solid par-
ticles) were prepared. Then the compression and tension tests were
utilized on each sample.
2.5. Compression and tension tests
After the preparation of the test samples and the test rig, at the
ﬁrst step, 4 ml of each MRF sample was injected into the support
cylinder of the test rig. Afterward the compression and tension tests
were used for the MRFs by utilizing SANTAM STM-150; each test
was conducted and the results were demonstrated as extension
versus force curves.
3. Results and discussion
The FTIR spectroscopy is a very useful technique to deduce the
structural investigation and cation distribution. This spectroscopy
gives transmission (T) as a function of wave vector (k) or frequen-
cy (ν). Fig. 2 illustrates the two distinctive absorption peaks at the
approximate frequencies of 400–420 and 600–610 cm−1 marked as
ν1 and ν2, respectively. The absorption bands observed within this
limit reveal the formation of the single phase cubic spinel struc-
ture. The absorption band observed at about 600 cm−1 is attributed
to the tetrahedral site, whereas that of 420 cm−1 is assigned to the
octahedral site. This difference in the band positions is observed
because of the difference in the Fe3+-O2− distance and the introduc-
tion of the Co ions for tetrahedral and octahedral sites. The small
splitting of the octahedral absorption band near 400 cm−1 is due to
the presence of different kinds of cations, including Co2+, Fe3+ and
Fe2+ on the octahedral sites.
The XRD patterns of the samples have been shown in Fig. 3. In
this ﬁgure, the diffracted X-ray intensity as a function of probe angle
(θ) has been plotted. The different peaks correspond to (220), (311),
(400), (422), (511) and (440) planes. All the peaks of the XRD pattern
were indexed using Bragg’s law. In addition, all the peaks de-
tected in the XRD patterns belong to the FCC structure of the spinel
ferrite and reject the presence of any secondary phase formation.
The sample prepared by the co-precipitation is the cubic struc-
ture of spinel ferrite with fd m3 space group symmetry. Structural
parameters like crystallite size, lattice parameter and inter-plane
spacing of samples were calculated by the use of patterns data. The
lattice parameter and inter-plane spacing were about 8.40 Å and
1.99 Å, respectively.
After verifying the formation of the spinel structure of the Co-
ferrite particles was veriﬁed, the laser particle size analyzer tests
were performed to conduct an analysis of the size and distribu-
tion of the particles. Fig. 4 depicts the size and distribution of the
particles. As can be observed in Fig. 4, the PSA graph of Sample A
(2 h) demonstrates that the average particle size is 60 nm which is
less than that of Sample B (24 h) with 550 nm. It is obvious that the
distribution of Sample C (2 h/12 h, with a volume fraction of 10%)
lies between the two other samples.
As mentioned before, MRF is a kind of smart ﬂuid in the carrier
ﬂuid.When subjected to amagnetic ﬁeld, themagnetic nanoparticles
interact with each other and make a magnetic nanoparticle chain.
Now, the ﬂuid greatly increases its apparent viscosity and its yield
stress to the point of becoming a viscoelastic solid. The magnetiza-
tion as a function of the applied magnetic ﬁeld (M-H loop) of Co-
ferrites with various average particle sizes at room temperature has
been revealed in Fig. 5. It is clear that the samples are approximate-
ly unsaturated at 1 T. The non-saturation of the magnetization even
at the highest applied ﬁeld of 1 T also implies the presence of the
ultraﬁne particles and some single domain nanoparticles in the super-
paramagnetic state. In the Co-ferrites spinel, the Co2+ cations (3d7,
4F9/2, L = 3, S = 3/2, J = 9/2) have high-spin ligand ﬁelds and possess
seven d-electrons, three of which are unpaired. Obviously, the large
magneto-crystalline anisotropy of CoFe2O4 nanoparticles results from
the strong L–S couplings on the Co2+ cation at the octahedral site
[27,28]. Table 1 shows the magnetic parameters of the samples. It is
evident that as the average particle size increases, the magnetic co-
ercivity (Hc) of the samples and their magnetization (M) increase. It
has previously been shown that ferrimagnetic Co-ferrite reveals the
88
90
92
94
96
98
100
%
 T
80
82
84
86
350 450 550 650 750 850 950 1050 1150 1250
%
 T
cm-1 
v2
v1
Fig. 2. FTIR graph of Co-ferrite particles.
Fig. 3. XRD results.
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magnetic single domain behavior when its grain size lowers to 70 nm
[29]. Below the critical domain size, by increasing the crystallite size
D, the coercivity steeply grows in accordance with the D6-power law
[30,31]. In our study, the average crystallite sizes were obtained from
the XRD patterns [23] and were about 18 and 29 nm for the Samples
A and B, respectively.
The M values attained for the samples are 39.7 and 64.9 emu/g
and are distinct from the bulk saturation value which is 80.8 emu/g
for Co-ferrite at room temperature. The decrease in the magneti-
zation can be expressed as follows. When the particle size becomes
smaller, the thermal stability of the magnetization orientation de-
creases, leading to the reduction of the magnetization in a certain
magnetic ﬁeld. In other words, in the wet chemical synthesis, the
nonmagnetic surface absorption or water absorption (O-H bands)
at the particle surface increases. This becomes important as the par-
ticle size decreases. A decrease in the magnetization by lowering
the particle size is concerned with the dead magnetic layer, arising
from demagnetizing the surface spin as well as the spin glass prop-
erty. As the disordering at the surface increases, the super-exchange
interaction in Fe—O—Fe bonds becomes weak. It should be men-
tioned that the increase in the saturation magnetization and
coercivity can increase the yield strength specially the compres-
sion yield strength.
The compressive/tensile stress has to do with the pressure ex-
perienced by the MR ﬂuid [32]. Still, an average value of the
compressive/tensile stress indicated various MR ﬂuid regions. Near
the equipment central line, the pressure was highly intense, but near
the exterior layer, the pressure approximated the atmospheric pres-
sure. This pressure difference contributed to the ﬂuid acceleration,
and a number of forces opposing this movement were pertinent to
the ﬂuid viscosity.
After the preparation of the MRF samples, they were inserted
into the support cylinder of the test rig, and the test rig was put in
the tension/compression test apparatus. The applied magnetic ﬁeld
was achieved by linking the copper wires of the test rig to an ARMA
APS-332 DC power supply to conduct a 1.6 A current to the test rig.
By taking the 2800 rounds of the coil into account, an applied mag-
netic ﬁeld of 4480 A/m (55.1 Oe) was produced.
Under the magnetic ﬁeld inﬂuence, the initially random particles
develop the chains along the ﬁeld direction. These chains form thick
structures. As themagnetic ﬁeld or solid volume fraction increases, the
single chains are made into the columns and then thicker columns.
Figs. 6 and 7 show the compression and tension tests on MRFs,
respectively. These curves demonstrate the force used for the MRFs
versus the amount of extension.
The ﬂuid compressibility or expandability is so small that its effect
on the apparent compressive/tensile strain is negligible. The major
impact of these properties is the liquid displacement from the region
between the upper and lower cylinders to an outside region.
As can be seen in Fig. 6(a), the amount of the compression
strength of Sample B MRF (the unmixed sample with a higher par-
ticle size) with 2% volume fraction, is approximately 2050 N. By
increasing the volume fraction to 5%, 10% and 15% the compres-
sion strength values rise to 2110, 2330 and 2400 N as shown in
Fig. 6(b), 6(c) and 6(d), respectively.
TheMR ﬂuids compression process tends to depict themain three
regions. During the compression, the magnetic solid particles are
capable of partly resisting the related expulsion [32]. Hence, the par-
ticle volume fraction increases because the carrier liquid is expelled.
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Fig. 4. PSA graphs of Samples A, B and C at 10 vol. % solid particles.
Fig. 5. Magnetization versus applied magnetic ﬁeld (M-H loops) of Samples A, B and
C at 10 vol. % solid particles.
Table 1
Magnetic coercivity (Hc), maximum applied magnetic ﬁeld (Hmax), magnetization
at 1 T (M) and magnetic remanence (Mr) of samples A and B.
Sample Condition (chemica
l synthesis time, h)
Hmax
(kOe)
Hc
(Oe)
M
(emu/g) at 1 T
Mr
(emu/g)
A 2 11.4 112.5 39.7 3.1
B 24 11.2 722.1 64.9 22.4
C 2/24 10.9 333.1 49.5 8.9
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(i) I the ﬁrst region, the compressive force increases gradually by
increasing the strain until it reaches a constant level. (ii) This results
from the solid particles column fracture and the particles rear-
rangement.While the strain increases, the compressive force reaches
its constant value. In this region, the ﬂuid viscosity remains almost
constant. (iii) In the third region, the compressive force begins to
increase again by further increasing the compressive strain values.
As the particles volume fraction rises, the ﬂuid viscosity increases.
Due to the higher viscosity, there would be an increase in the ﬂuid re-
sistance. This suggests that much higher forces are required to cause
the liquid to ﬂow as the volume fraction increases. This results from a
sharp increase in the compressive stress in the third region. A reduc-
tion in the ﬁnal slope at the end of the third region arises from the
ﬂuidity decrease and the solid particles interconnection.
Similarly, in Fig. 7 the amount of the tension strength grows from
990 N (Fig. 7a) to 1060 N (Fig. 7b), 1160 N (Fig. 7c) and 1220 N
(Fig. 7d) for the MRF samples with 2, 5, 10 and 15% volume frac-
tion. As can be observed, themaximum force endured by the samples
grows as the volume fraction increases from 2% to 15%. The reason
for this phenomenon would be an increase in the viscosity of the
off-state MRF by adding further solid particles to the suspension.
This contributes to increasing the viscosity of the on-state MRF, as
well as its compression and tension strengths.
Initially, the particle chains can be regarded as a magnetic
particles–carrier ﬂuid combination structure. At ﬁrst, when the upper
cylinder is moved up, the particle chains stretch slightly. Then the
particle chains rearrange to form a new structure, which is made
up of the magnetic particles. The magnetic particles can easily move
andmake new particle chains since the interaction among the mag-
netic particles is stronger than that between the particles and the
carrier ﬂuid. At last as the particle chains further elongate, they begin
to expel the carrier ﬂuid until they have leveled off. The new single
chains tend to form the aggregate columns.
Another crucial variable to be noted is preparing a high ﬂuidity
(off-state) MRF. In absence of magnetic ﬁelds, MRFs should be able
to ﬂow easily. To determine the ﬂuidity of each of the samples, a
viscometer tube was utilized for the measurement of the off-state
viscosity of each MRF sample. The results of this test, together with
the values of the compression and tension strengths of the MRF
samples, have been collected in Table 2. As can be observed, by
increasing the volume fraction of the samples from 10% to 15%, the
viscosity increases to 556.7 × 10−6m2/s, which is almost 90 units more
than the previous (10%). By taking into account the amount of vis-
cosity increase and the resulting diﬃculties, it is recommended that
the MRF sample with the volume fraction of 10% be utilized for
further investigations.
At the next stage, the mixed (with various particle sizes) MRF
sample was tested. The Sample C MRF was prepared by blending
the 60 nm (A) and 550 nm (B) particles with the volume fraction
of 10%. The compression and tension behavior of this sample has
been illustrated in Fig. 8. As can be seen, the compression strength
of the mixed MRF, which is around 2500 N, Sample C (Fig. 8a), is
greater than that of the MRF sample with the same volume frac-
tion and uniform particle size of 550 nm (Fig. 8c). Furthermore, the
tension strength of the mixed sample 1270 N, Fig. 8(b), is more than
that of the MRF revealed in Fig. 8(d), which has the particle size of
550 nm and the same volume fraction of 10%. These increases result
from the structural effect of adding the small particles to the larger
ones in the MRF samples. As can be observed, should the spheri-
cal large particles be aligned on top of one another vertically, there
will be holes between them, which are responsible for decreasing
the viscosity. Should these holes be ﬁlled with smaller particles, the
resulting viscosity will rise.
4. Conclusion
The increase of the strength and ﬂuid viscosity of Co-ferrite MRF
can be caused by increasing the volume fraction of solid particles
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Table 2
The measured amounts of viscosity (η) and clompression and tensile strengths of
samples.
Material η
(×10−6m2/s)
Tensile yield
stress (MPa)
Compressive yield
stress (MPa)
Silicon Oil + 2% Co-ferrite 380.1 987.1 2050.9
Silicon Oil + 5% Co-ferrite 412.7 1061.7 2096.4
Silicon Oil + 10% Co-ferrite 470.6 1166.2 2336
Silicon Oil + 15% Co-ferrite 556.7 1187.6 2396.1
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and utilizing the mixed ﬂuids of different average particle sizes
(bimodal). The results show that the greater the volume fraction
is, the greater the off-state and on-state viscosity of the MRF will
be, thereby contributing to a signiﬁcant rise in mechanical prop-
erties. Moreover, should a mixed MRF with bimodal particles be
utilized, the resulting compression and tension strengths will be
higher than anMRFwith the uniform particles and the same volume
fraction. As can be seen in the ﬁrst test, the greatest compression
and tension strengths have to do with the MRF with the greatest
volume fraction of 15% with 1.223 and 0.622 MPa. Additionally, the
strengths of the mixed sample MRF with 10% volume fraction, 1.274
and 0.647 MPa, are greater than those of the MRF sample with the
same volume fraction and the uniform particle sizes (1.187 and
0.591 MPa).
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Fig. 8. (a) Compression and (b) tension tests results of the mixed Sample MRF in
comparison with (c) compression and (d) tension results of Sample B MRF with the
same volume fraction of 10%.
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